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Positive plant interactions, such as those associated with nurse plants, have been suggested to dominate
over negative interactions in environments with high abiotic stress. Here we demonstrate that the sub-
Antarctic cushion plant species, Azorella selago (Apiaceae), positively affects the distribution of both its
own seedlings and those of the perennial grass, Agrostis magellanica (Poaceae). As a result of the light
weight and small size of seeds of both species, coupled with strong winds experienced in the study area,
we consider it unlikely that these patterns are the result of very localized seed dispersal from the study
cushions themselves. Instead, we suggest that both cushions and rocks act as seed traps, trapping seeds
dispersed by wind, runoff and/or downslope sediment transport through frost creep. In addition,
increased A. selago seedling numbers around cushions, but not around rocks, suggest that cushions
provide a biological nurse effect, such as improving soil nutrient status or providing mychorrizae, to
seedlings of their own kind.
 2010 Elsevier Masson SAS. All rights reserved.1. Introduction
There has been an increasing interest in facilitation amongst
plant communities in recent years (see Brooker and Callaway, 2009;
Brooker et al., 2008 for recent reviews). Certain plant species have
been found to act as nurse plants through their facilitative effects on
other plants, including seedlings (Arroyo et al., 2003; Cavieres et al.,
2008; Gómez-Aparicio et al., 2005; Ryser, 1993). Such positive plant
associations are especially important in climatically severe enviro-
nments (Badano et al., 2006; Cavieres et al., 2007; Klanderud and
Totland, 2004; Schlag and Erschbamer, 2000), where facilitation
has beenproposed to be thedominant plant-plant interaction (Kleier
and Lambrinos, 2005). Competition has been suggested to overrule
facilitative effects mainly in more productive habitats (Bertness and
Callaway, 1994; Brooker and Callaghan, 1998). However, some
disagreement on this point exists (Grime, 2001, pp. 35e37), with
some studies finding impeded seed germination and seedling
growth in the presence of other vegetation in climatically severe




son SAS. All rights reserved.One specific group of plants that has been shown to act as nurse
plants in climatically severe environments is plants with a compact,
prostrate growth-form, known as cushion plants (Arroyo et al.,
2003; Badano et al., 2006; Cavieres et al., 2007; Cavieres et al.,
2008). Cushion plants have been known to ameliorate soil
temperatures (Chown and Crafford, 1992; Nyakatya and McGeoch,
2008) and increase soil moisture (Badano et al., 2006; Cavieres
et al., 2007), provide shelter against moving substrate and wind
stress (Brancaleoni et al., 2003; le Roux and McGeoch, 2008b) and
improve soil nutrient status (Nuñez et al., 1999). Through miti-
gating such abiotic stresses, cushion plants have been known to
facilitate seedling establishment and plant survival of some species
(Cavieres et al., 2008).
The majority of studies looking at the nurse effect of cushion
plants in climatically severe environments have focused on the
cushion plant itself as a nurse substrate, as other plants are often
found growing epiphytically on this life form (Arroyo et al., 2003;
Cavieres et al., 2008). On sub-Antarctic Marion Island for example,
cushions of the dominant vascular plant species, Azorella selago
(Apiaceae), are known to form nutrient-rich habitats (Huntley,
1971), facilitating the establishment of a number of species that
grow epiphytically on them (Huntley, 1972; McGeoch et al., 2008),
as well as microfauna communities living inside them (Barendse
and Chown, 2001; Hugo et al., 2004). However, by acting as
wind shelters (Huntley, 1971) and affecting sediment movement
Fig. 1. The study site. Notice the high percentage of rock cover characteristic of fellfield
vegetation, interspersed with cushions of A. selago.
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Holness and Boelhouwers, 1998), these cushions could also
potentially provide “safe sites” for plant establishment adjacent to
cushions. Particle sizes on upslope cushion sides, for example,
have been shown to be larger than those on downslope cushion
sides (Haussmann et al., 2009b) potentially facilitating seed
entrapment (Chambers et al., 1991; Combrinck et al., unpublished
results) and seedling establishment and survival (Jumpponen
et al., 1999) on upslope cushion sides. Alternatively, sediment
damming on upslope cushion sides (Pérez, 1987) could have
a negative effect on seedling establishment and promote estab-
lishment of seedlings on sheltered, downslope cushion sides
(le Roux and McGeoch, 2008b). Furthermore, soils on eastern
cushion sides have been shown to have slightly lower and less
variable winter temperatures than those onwestern cushion sides,
possibly as a result of snow accumulation on eastern, leeward
cushion sides, again potentially affecting seedling establishment
(Haussmann et al., 2009a).
Alternatively, cushions could have a potentially negative effect
on seedling establishment, especially in the immediate vicinity of
the cushion; as a result of competition for resources in the nutrient-
poor fellfield soils where these cushion plants are predominantly
found on Marion Island (Smith and Steenkamp, 2001). This would
lead to fewer seedlings closer to the cushion edge and increasing
seedling abundance with distance from the cushion. Furthermore,
the same plant species can act as both a nurse plant and competitor,
depending on the environmental conditions. Klanderud and
Totland (2004) found, for example, a shift from a nurse effect to
a more competitive effect as the percentage cover of the so-called
nurse plant increased. This effect was, however, not observed in
climatically very extreme sites (Klanderud and Totland, 2004).
By comparing the effects of nurse organisms to those of inani-
mate nurse objects, such as rocks, biological and mechanical nurse
effects can be distinguished (see for example approach by Kawai
and Tokeshi, 2006). The rationale behind these comparisons is
that a nurse object (such as a rock) will only provide a physical/
mechanical (such as sediment obstruction, shading or wind shel-
tering) nurse effect, while a nurse organism, in our case a plant,
could provide both mechanical and biological (such as improving
soil nutrient status, providingmychorrizae, see van der Heijden and
Horton, 2009 for a recent review) nurse effects, and potentially also
negative impacts through competition for resources (Olofsson et al.,
1999), attracting herbivores (Rousset and Lepart, 2000) or hosting
pathogens (Mills and Bever, 1998).
In light of the above, our main aimwas to determine the spatial
variability in A. selago and Agrostis magellanica (Poaceae) seedling
distribution and abundance around A. selago cushions and rocks.
Specific research questions were: 1) Are seedlings non-randomly
distributed with respect to cushions and rocks? 2) Do seedling
numbers differ with direction (N, S, E or W) from cushions/rocks?
3) Do seedling numbers differ between cushion/rock sides
(upslope, downslope, left or right)? 4) What is the relationship
between seedling abundance and distance from cushion/rock?
2. Materials and methods
2.1. Study area
Marion Island (46 540 S, 37 450 E) and its nearby, smaller
neighbour, Prince Edward Island, constitute the Prince Edward Island
Group. Marion Island has a maritime climate with both low seasonal
(3.6 C) and diurnal (1.9 C) temperature ranges and a mean annual
air temperature of approximately 6 C (Smith, 2002). Mean annual
precipitation has declined steadily since the 1960s with just over
2000 mm reported for the 1990s (le Roux and McGeoch, 2008a;Smith, 2002). Apart from scattered scoria cones, two substrate
types are found on the island, older, pre-glacial grey lava and younger
post-glacial black lava (Verwoerd, 1971). Above 200 m a.s.l. fellfield
vegetation dominates. This vegetation type is characterised by
nutrient-poor soils (Smith and Steenkamp, 2001) and lowplant cover
of less than 25% (Huntley,1971). Because of these nutrient-poor soils,
gale-force wind speeds (le Roux, 2008; Schulze, 1971) and shallow,
but numerous frost cycles (Boelhouwers et al., 2003), we considered
fellfield habitats harsh environments for seedling establishment and
survival.
2.2. Study species
A. selago has a low-growing, compact cushion growth-form. It is
widespread across the sub-Antarctic (Huntley, 1972) and the genus
Azorella is also found at higher altitudes in the Andes (Martinez,
1993). It is the most widespread vascular plant species on Marion
Island, where it is found growing at virtually all altitudes (Huntley,
1972). In addition, A. selago is the dominant species on fellfield
vegetation, where a number of species, including A. magellanica has
been recorded growing epiphytically on it (Huntley, 1971). Fruits of
A. selago weigh on average 0.87 mg (n¼ 20, author's own
measurements) and are elliptical in shape. Each fruit contains two
seeds. Seed numbers differ considerably between cushions
(average of approximately 40 seeds per plant, n¼ 65, Frenot and
Gloaguen, 1994). Furthermore, no relationship between seed
number and cushion size has been observed (Frenot and Gloaguen,
1994). For our study, an A. selago seedling was defined as a small
plant with up to three leaves in addition to the cotyledons.
The perennial grass, A. magellanica, is the second-most wide-
spread vascular plant on the island (Huntley, 1971). It is found
growing both in the soil and rooted epiphytically into A. selago
cushions (Huntley, 1972). A. magellanica seeds are transported
within spikelets, which contain several caryopses (grass fruit).
These caryopses have a mean weight of 0.29 mg (n¼ 150) and are
irregular in shapewith jagged edges (Combrinck et al., unpublished
results). Frenot and Gloaguen (1994) found an average of approxi-
mately 38 spikelets per inflorescence (n¼ 100) and approximately
3 inflorescences per plant (n¼ 100). An A. magellanica seedling was
defined as an individual with up to 10 leaves and a maximum
height and basal diameter of 25 and 2 mm respectively.
No information on dispersal distances of seeds from either
species could be found. However, as a result of the light weight and
small size of both species' seeds, coupledwith the highwind speeds
experienced in fellfield habitats, we considered wind dispersal over
great distances likely.
Fig. 2. (i) Heights and (ii) maximum diameters of selected cushions and rocks (n¼ 12).
Notice that, whereas cushions and rocks occur across all heights, cushions have larger
diameters than rocks.
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A study site was selected on a gentle south-facing slope (<5
degrees) at approximately 220 m a.s.l. on grey lava soil in fellfield
vegetation on the eastern side of the island (see Fig. 1). Twelve
cushions, separated by approximately 20 m, were selected based on
relative isolation (a minimum number of other cushions and rocks
within a 0.5 m radius) and size (maximum diameter of at least
30 cm) within an area of 60 40 m. We selected large cushions, as
we considered these more likely to affect their surroundings and
act as nurse plants or objects, both in terms of abiotic and biotic
effects, than smaller cushions.
For each cushion, a rock of similar height was selected that was
relatively isolated from other rocks (and cushions) of the same (or
larger) size. For a given height, rocks generally had a smaller
diameter than cushions. Therefore, whereas rocks and cushions
were both found across the height range (Fig. 2(i)), maximum
diameters of selected rocks were smaller than those of selected
cushions (but all rocks had a maximum diameter of at least 30 cm,
see Fig. 2(ii)).
In addition, for each cushion, an adjacent plot with only open
soil, i.e. containing no plants or rocks higher than approximately
5 cmwas chosen within the study plot, forming cushion/rock/openFig. 3. Example of (i) a cushion, (ii) a rock and (iii) an open soil area used for the seedlsoil triplets. The same isolation criteria that were followed for the
rocks and cushions (i.e. relative isolation from other cushions and
rocks) were followed for the open soil plots. As these areas were
hard to find, selection of the open soil plots was based on those that
best matched all the criteria.
Themaximum diameter, perpendicular maximum diameter and
height of all study cushions and rocks were measured. In addition,
the height of all rocks and cushions higher than 5 cmwithin a 0.5 m
radius from the study rock/cushion/open soil plot were docu-
mented and the direction and distance from the study rock/
cushion/open soil plot were noted. Around each study cushion/
rock/open soil plot, a circular band of 15 cmwidth was searched for
A. selago and A. magellanica seedlings. To ensure that the same area
was searched for the open soil plots as for the cushion and rock,
a rope that was shaped around the circumference of the cushion
was placed in the open soil area and the area inside the rope
excluded from the search effort (see Fig. 3 for clarification).
The cushion/rock side (upslope, downslope, left or right) when
viewed from the downslope side and cardinal compass direction
(N, S, E or W) of every seedling found with respect to the centre of
the cushion/rock was documented. In addition, the shortest
distance from the seedling to the edge of the cushion/rock was
measured. Digital photographs (Pentax Optio W60, 5e25 mm, 10
megapixel) of all the selected cushions, rocks and open soil plots
were taken in the field. Photographs were taken at the highest
resolution (10 megapixel) and highest quality JPEG compression.
Photographs were taken from an approximate height of 1.5 m and
vertically as far as possible to avoid image distortion. The size
difference between cushions and rocks introduced a potential bias
in the total area searched around them respectively. The areas of
the 15 cm-long circular bands searched around cushions and rocks
were therefore calculated from the photographs using image
analysis software (SigmaScan Pro version 5, SPSS). The search area
around cushions was approximately 1.2 times larger than the
search area around rocks.We therefore chose toworkwith seedling
densities rather than seedling numbers.
Seedling densities were compared between rocks, cushions and
open soil areas using a Generalized Linear Model with Poisson
distribution and log link function. The same statistical approach was
used to compare seedling densities between different directions
(N, S, E orW) and sides (upslope, downslope, left or right) of cushions
androcks, and to test for interactionsbetweendirection and cushion/
rock, and side and cushion/rock. A. selago and A. magellanica data
were analysed separately and direction (N/S/E/W) effects were also
analysed separately from side (upslope/downslope/left/right)
effects. Where necessary Poisson models were corrected for over-
dispersion and model significance subsequently determined using
Type III likelihood-ratio tests.
The distances of seedlings from cushion and rock edges were
plotted as histograms. Under an assumption of a homogeneous
distribution of seedlings, the expected abundance of seedlings ining inventory. The ruler in the photos is 15.5 cm long and the arrow points north.
Table 1
Overview of A. selago and A. magellanica seedling numbers around cushions, rocks
and open soil plots.
A. selago A. magellanica Total
Cushion 24 34 58
Rock 3 37 40
Open soil 1 12 13
Total 28 83 111
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area covered by that distance category. While the relative sizes of
the different distance categories depends on the size of the
cushion/rock being examined, we calculated these areas based on
the mean cushion and rock diameter (approximately 60 and 40 cm
respectively), assuming a round cushion/rock shape.
3. Results
A total of 111 seedlings was found, 28 of which were A. selago
and 83 A. magellanica seedlings. In total 58 seedlings were found
around cushions, 40 around rocks and 13 around the open soil areas
(Table 1).
A. selago seedling densities were significantly higher around
cushions than around rocks and open soil (Chi2¼ 23.5, p< 0.0001,
df¼ 2, Fig. 4(i)). However, no differences were found in A. selago
seedling densities between rocks and open soil areas. Because only
three A. selago seedlings were found around rocks, direction and side
effects could not be tested for A. selago seedlings around rocks. No
significant differences were found in A. selago seedling densities
between either cushion directions (Chi2¼ 6.2, p¼ 0.10, df¼ 3, Fig. 4
(ii)) or cushion slope sides (Chi2¼ 3.3, p¼ 0.35, df¼ 3, Fig. 4(iii)).
A. magellanica seedling densities were significantly higher
around cushions and rocks than around open soil areas (Chi2¼ 7.1,
p¼ 0.03, df¼ 2, Fig. 5(i)), but no difference was found between
cushions and rocks. Neither the two-way interaction between
direction and cushion/rock (Chi2¼ 5.6, p¼ 0.14, df¼ 3), nor direc-
tion alone (Chi2¼ 4.4, p¼ 0.22, df¼ 3) had a significant effect on
A. magellanica seedling densities (Fig. 5(ii)). The two-way inter-
actionwas also not found to be significant for side and cushion/rock
(Chi2¼ 5.8, p¼ 0.12, df¼ 3.). However, when data were grouped for
cushions and rocks, significantly higher A. magellanica seedling
densities were found on upslope sides than downslope or on either
side (Chi2¼ 9.5, p¼ 0.02, df¼ 3, Fig. 5(iii)).
There were substantially more A. selago seedlings than expected
based on searched area between 3 and 10.5 cm from cushion edges,
but fewer than expected in the categories above and below this
range (Fig. 6). A. magellanica seedlings around cushions followed
a similar pattern, with most seedlings at or above the expectedFig. 4. A. selago seedling densities (seedlings per m2) (i) around A. selago cushions, rocks and
of A. selago cushions. Values are means 95% confidence intervals. N¼ 12 in all cases. Lowvalues in the range 3e13.5 cm from cushion edges (Fig. 6). Seedling
numbers above and below this range were lower than expected.
The pattern of A. magellanica seedlings around rocks differed from
the other two in that far more seedlings than expected were found
against the rock edges (Fig. 6).
4. Discussion
The clearest pattern emerging from our data is the association
of seedlings of both species with A. selago cushions. In addition,
A. magellanica seedlings are also associatedwith rocks.We consider
three possibilities for explaining these observed patterns.
First, it is possible that A. selago seedlings found around cush-
ions were from seeds of the study cushions themselves and that
observed patterns are therefore indicative of very localized seed
dispersal rather than nurse effects of the cushion. Unfortunately the
dispersal properties of seeds of either species are not known.
Genetic analyses will be useful to conclusively exclude (or alter-
natively confirm) this possibility for A. selago seedlings found
around cushions. However, as a result of frequent gale-force winds
experienced on the island (le Roux, 2008; Schulze, 1971) we
consider wind dispersal over greater distances more likely than
such extremely localized seed dispersal. In addition, both species
have relatively small, light seeds, facilitating wind dispersal.
Nevertheless, we cannot rule out that some of the A. selago seed-
lings are from the study cushions themselves. However, the asso-
ciation of A. magellanica seedlings with both cushions and rocks
provides support that, at least for A. magellanica, something other
than local dispersal effects is responsible for the observed patterns.
Second,we consider the possibility that cushions and rocks act as
traps for dispersed seeds. Kleier and Lambrinos (2005) suggest that
plants can act as seed traps in barren windy landscapes (see also
Bullock and Moy, 2004) and Pérez (2009) discusses how the pres-
ence of rocks affects sediment movement and plant distributions.
A trappingmechanism could certainly be the case forA.magellanica,
where significantly more seedlings were found around both cush-
ions and rocks, compared to open soil plots. A. magellanica seeds are
transported within their spikelets, which are jagged, potentially
enhancing adherence to surfaces (Combrinck et al., unpublished
results). In contrast to Pérez (2003),who concluded that seedlings of
the “giant” rosette, Argyroxiphium sandwicense, establish more
readily downslope of large clasts that provide protection from
downslope moving sediment, we found significantly more
A. magellanica seedlings on upslope cushion and rock sides. It is
possible, however, that the larger particle sizes found upslope of
obstructions such as cushions and rocks (Pérez, 2003; Haussmann
et al., 2009b), facilitate effective seed entrapment (Chambers
et al., 1991; Jumpponen et al., 1999). Transport of trapped seed
could be through wind dispersal, or, alternatively, via downslopeopen soil, (ii) on different directions from A. selago cushions and (iii) on different sides
er case letters denote differences at the 95% significance level.
Fig. 5. A. magellanica seedling densities (seedlings per m2) (i) around A. selago cushions, rocks and open soil, (ii) on different directions from cushions and rocks and (iii) on different
sides of cushions and rocks. For graphs ii and iii cushions and rocks were grouped together as the interactive effects were not significant. Values are means 95% confidence
intervals. N¼ 12 for graph i and 24 for graphs ii and iii. Lower case letters denote differences at the 95% significance level.
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to formon calm, clear nights (Outcalt,1971), is the dominant formof
segregation ice on the island (Boelhouwers et al., 2003; Holness,
2003). As the needle ice crystals grow, they push a layer of soil
particles upwards, which is subsequently transported downslope as
the soil settles back upon thawing, a process known as frost creep
(Washburn, 1973). It is likely that seeds are transported along with
these soil particles and subsequently trapped on upslope cushion
sides. Another potential seed transport mechanism on slopes that
would lead to seeds being trapped and concentrated around objects
such as rocks and cushions is overlandflow.
We also consider a trapping mechanism possible for A. selago
seeds. In this case, either trapped seeds do not germinate or seed-
lings do not survive around rocks, or, alternatively, cushions are
more effective at trapping A. selago seeds than rocks. However, rocks
appear to be quite effective seed traps for A. magellanica seeds. As
we see no reason that rocks would act as differential seed traps,
trapping seeds of one species, but not of the other, we consider this
latter possibility unlikely. We consider it more likely therefore that
A. selago seeds are trapped by both cushions and rocks, but that
cushions provide some form of nurse benefit, e.g. increased nutrient
concentrations, michorrhizal associations (see review by van der
Heijden and Horton, 2009) that rocks do not provide, which
favour A. selago seed germination or seedling survival. No differ-
ences were observed in A. selago seedling numbers between
different cushion directions or sides, providing further support that
the nature of the nurse effect is biological, rather than mechanical
(e.g. protection from directional wind or moving sediment).Fig. 6. Histograms of distance of seedlings from cushion/rock edges. From left to right is A
(n¼ 34) and A. magellanica seedlings around rocks (n¼ 37). A. selago seedlings around rocks
expected seedling numbers, based on a even distribution. Note that the expected seedlingThe third possibility is that seeds are dispersed randomly and
not trapped by cushions or rocks, i.e. that they also reach the open
soil plots. This possibility implies a biological nurse effect of
A. selago cushions for A. selago seedlings, as more seedlings were
found around cushions than around rocks or open soil plots. No
significant difference in A. magellanica seedling numbers were
found around cushions and rocks, indicating that, in addition to
benefiting from the nurse effects of cushions, the requirements of
A. magellanica seedlings are such that they are also able to benefit
from the physical nurse effects provided by rocks (see Pérez, 2009
for a recent review of such nurse effects). Buffered soil tempera-
tures and higher soil moisture levels have, for example, been found
next to large boulders compared to open soil areas in the Chilean
Andes (Kleier and Rundel, 2009). Furthermore, upslope cushion/
rock sides mostly coincided with northern cushion sides, where
increased seedling abundance (albeit not significant) was observed.
Increased A. magellanica seedling numbers on upslope (northern)
cushion and rock sides could therefore be a result of increased solar
radiation, with soils on northern cushion sides probably being
slightly warmer.
For both species, more seedlings than expected were found in
the centre of the 15 cm range from the cushion edges, with fewer
seedlings than expected closer to and further away from the
cushion. This could indicate increased competition, possibly for
nutrients, closer to the cushion edges, especially as far more
A. magellanica seedlings than expected were found against rock
edges. It is also possible that seeds of both species are dispersed
from the A. selago cushions through water (either from rain or. selago seedlings around cushions (n¼ 24), A. magellanica seedlings around cushions
are not shown, as only three seedlings were found in this instance. The black dots give
numbers increase with distance from cushion/rock, as the search areas increase.
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bution of seedlings with distance from cushions (which host seeds)
and rock edges.
Although cushion plants have also been known to propagate
asexually through a process of fragmentation (Armesto et al., 1980;
Mortimer et al., 2008), in general sexual reproduction seems to
dominate (Bergstrom et al., 1997; Fajardo et al., 2008; Frenot and
Gloaguen, 1994). However, little is known about the reproductive
capacity of either A. selago or A. magellanica (Frenot and Gloaguen,
1994), as germination experiments with seeds of both species have
proven unsuccessful (Frenot and Gloaguen, 1994). In addition,
A. selago and A. magellanica are the most widespread and second-
most widespread vascular plants respectively on the island
(Huntley,1972) and there is evidence to suggest that the interaction
between the two species affects larger scale community composi-
tion patterns (le Roux and McGeoch, 2008b). We therefore advo-
cate that, to further our understanding of spatial distributions and
interactions of these two species, an increased knowledge of seed
and seedling requirements, distribution patterns andmicrohabitats
is necessary.
5. Conclusions
A. selago cushions positively affect the distribution of both their
own seedlings and those of the perennial grass, A. magellanica. We
find it unlikely that this is the result of very localized seed dispersal.
However, whether these distribution patterns are the result of
cushions acting as seed traps or alternatively, providing some form
of mechanical and/or biological nurse effect or a combination of
both mechanisms cannot be shown conclusively. Genetic analyses
are needed to determine the origin of A. selago seedlings found
around cushions. Furthermore, seed dispersal studies are needed to
gain insights into dispersal patterns and trapping mechanisms of
both species.
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